Evolution of the East Asian monsoon and its response to uplift of the Tibetan Plateau has been investigated in the study of global change. Core sediment samples drilled in the South China Sea during ODP Leg184 are the best materials for studying long-term variability of the East Asian monsoon. R-mode factor analysis of major elements in the fine grain-sized carbonate-free sediments (<4 μm) of the upper 185 mcd splice of ODP Site 1146 drilled during Leg184 in the South China Sea shows that Ti, TFe 2 O 3 , MgO, K 2 O, P, CaO, and Al 2 O 3 are representative of a terrestrial factor. The variation in the terrestrial factor score is subject to chemical erosion in the source region and thus indicates the evolution of the East Asian summer monsoon. The terrestrial factor score has three stepwise decreases at ~1.3 Ma, ~0.9 Ma, and ~0.6 Ma, indicating the phased weakening of the East Asian summer monsoon is related to wholly stepwise, quick uplifts of the Tibetan Plateau since 1.8 Ma. The periodic fluctuation of the terrestrial factor score since ~0.6 Ma indicates that the glacial-interglacial cycles have been the main force driving the evolution of the East Asian monsoon. As in the case of Chinese loess, the long-term evolution of the East Asian monsoon recorded in sediments of the South China Sea reflects a coupled effect of the glacial-interglacial cycle and uplift of the Tibetan Plateau. 
The coupled effect of tectonic uplift and glacial-interglacial cycles on the global climate system is an important theme in the study of global change [1] . Therefore, there has been increasing interest in the uplift of the Tibetan Plateau in the study of global change because of its important role in the formation and evolution of the East Asian monsoon [2] [3] [4] . In particular, there has been a focus on the relationship between the wholly stepwise, quick uplift of the Tibetan Plateau and the instability of the East Asian climate since the Quaternary [4] [5] [6] [7] [8] [9] . Chinese loess clearly records tectonoclimatic cycles with quasi-periods of 1.2 and 0. 4 Ma, which are superposed on glacial-interglacial cycles [10, 11] , and reveals a close link between the wholly stepwise, quick uplift *Corresponding author (email: mxw@fio.org.cn) of the Tibetan Plateau and the evolution of the East Asian monsoon since the Quaternary. On the other hand, studies on the East Asian monsoon in the South China Sea, using core sediments drilled in ODP Leg 184, have found little association between the long-term evolution of the East Asian monsoon and the uplift of the Tibetan Plateau and have related the evolution of the East Asian monsoon only to glacial-interglacial cycles. In particular, there has been no study on the relationship between the evolution of the East Asian monsoon and the wholly stepwise, quick uplift of the Tibetan Plateau since the Quaternary in the South China Sea [12] [13] [14] . In our study, therefore, we compare the stepwise changes of the terrestrial factor, which was extracted from major-element data of fine grain-sized carbonate-free sediments (< 4 μm) of the upper 185 mcd (meters composite depth; corresponding to 1.81 Ma [15] ) splice at ODP Site 1146 drilled during Leg184 in the South China Sea using R-mode analysis, with the tectonoclimatic cycles revealed by the magnetic susceptibility of Chinese loess.
Materials and analytical techniques
Core sediments are from ODP Site 1146, which is located at 19°27.40′N, 116°16.37′E and a water depth of 2092 m (Figure 1 ). Following the oxygen isotopic curve of planktonic foraminifera [16] , samples were taken for majorelement analysis of the upper 185 mcd splice, which was constructed by making three holes (1146A, 1146B and 1146C) at average intervals of 1.1 m. A total of 167 samples were collected. The fine grain-sized fraction (< 4 μm) was separated from bulk samples for chemical analysis.
Before chemical analysis, the fine grain-sized sediments were dipped in 0.25 mol/L HCl for 1 h, and then iteratively filtrated and rinsed with distilled water for three times to remove the biogenic carbonate [17] . Finally, the carbonatefree sediments were dried and ground to less than 200 mesh for major-element measurement. The concentrations of major elements were determined by the inductively coupled plasma-optical emission spectrum at the Institute of Geophysical and Geochemical Exploration, CAGS. Three national sediment standards were used to ensure analytical precision during the analysis, and the relative error of the measured value to the standard value for each element was calculated as between 1% and 5%. R-mode analysis was performed using STSS13.0 software, and the terrestrial factor score was subsequently calculated after extraction based on element association. Both the age model and oxygen isotopic data of benthic foraminifera were directly referenced from Clemens et al. [15] .
Results
Under a condition of 80% cumulated variance in R-mode analysis, three factors, F1, F2 and F3, which are characterized by different major-element associations were obtained. The element association represented by each factor is as follows ( The scores of the three factors are presented in Figure 2 . Because each factor is representative of its element association, the variation in the factor score reflects of the variation in the element association. From Figure 2 , it is seen that the variation in F1 characterized by P, Ti, TFe 2 O 3, MgO, K 2 O, Al 2 O 3 , and CaO is rather different from variations in F2 and F3, exhibiting superposition of a cycling trend and stepwise decreases at ~1.3 Ma, ~0.9 Ma, and ~0.6 Ma. In particular, the cycling trend has been more prominent since 0.6 Ma. The variations in F1 and F2 are approximately the same, with a stable trend prior to 0.6 Ma and marked fluctuation after 0.6 Ma.
Discussion

Extraction of the terrestrial factor for fine grainsized carbonate-free sediments
Because biogenic carbonate has been removed from the fine grain-sized sediments, it is generally accepted that residual carbonate-free detritus consists of silicate, a small quantity of ferromanganese oxide, and biogenic silicon [12, 17] , whereas the fine grain-sized silicate detritus is predominantly composed of terrestrial materials from rivers and volcanic ash [14, [18] [19] [20] . Therefore, three factors were associated with sources according to the geochemical characteristics of major elements and the exclusivity of element association in the geological process. Titanium is a conservative element, and K, Fe, Mg, Al are closely related to the terrestrial source [18] [19] [20] ; thus, the association reflected by F1 is of terrene nature (i.e. F1 is a terrestrial factor). The association of Al and Na, reflected by F2, implies that for fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146, Al is closely related to Na and its concentration is probably affected by a factor other than the terrestrial source; the high concentration of Al is referred to as "excess Al" [21] . The Al/Ti ratio (up to 46.8) of fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146 is markedly greater than that of sediments of the Pearl River (19.85), illustrating the existence of "excess Al" in the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146. Pattan et al. [22] attributed "excess Al" in deep-sea sediments to biogenic silicon and volcanic ash. However, for the core sediments of the ODP Site 1146, the correlation coefficient between aluminum and biogenic silicon, the concentration data of which was cited from Clemens et al. [15] , is just 0.3, indicating that there is no remarkable relationship between biogenic silicon and Al and that the "excess Al" is not biogenic. In fact, volcanic glass in sediments from the northern slope of the South China Sea has a greater Al/Ti ratio of up to 226 and concentrates Na 2 O [23] . It can thus be concluded that "excess Al" in the fine grain-sized sediments of the upper splice of ODP Site 1146 is of volcanic origin, and F2 characterized by Al and Na is a volcanic factor. Manganese is a typical autogenic element resulting from early diagenesis, and F3 characterized by Mn is an early diagenetic factor.
Implications of the terrestrial factor for the evolution of the East Asian summer monsoon
One effect of the evolution of the East Asian monsoon is chemical weathering in the source region, and the monsoon thus controls the supply of terrestrial materials to the seabed. The enhancement or weakening of the summer monsoon can result in intensive or weak chemical erosion in the source region, and consequently, the proportion of terrestrial material in marine sediments increases or decreases. Contrarily, the variation in the terrestrial factor for marine sediments could reflect the intensity of chemical weathering in the source region and thus reveal the evolution of the summer monsoon. An increase or decrease in the fluvial contribution to marine sediments implies the enhancement or weakening of chemical weathering and consequently the summer monsoon [18] [19] [20] 24, 25] . Concerning the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146, because the factor loads of the terrestrial elements and oxides P, Ti, TFe 2 O 3, MgO, K 2 O, Al 2 O 3 , and CaO in F1 are all positive, an increase or decrease in the F1 factor score would mean an increase or decrease in the fluvial contribution to the total sediments. This would imply enhancement or weakening of chemical erosion in the source region and ultimately indicate the evolution of the East Asian summer monsoon.
Relationship between the evolution of the East Asian summer monsoon and glacial-interglacial cycles
Comparison of the variation in the terrestrial factor with the variations in the oxygen isotopes of benthic foraminifera clearly shows that the cycling variation of the terrestrial factor of the fine grain-sized sediments of the upper splice of ODP Site 1146 perfectly matches the glacial-interglacial cycles recorded by oxygen isotopes (Figure 3(a),(b) ). The fluvial contribution increased in interglacial periods and decreased in glacial periods, indicating that the East Asian summer monsoon strengthened in interglacial periods and weakened in glacial periods. We thus conclude that the evolution of the East Asian monsoon was controlled by glacial-interglacial cycles.
Relationship between the evolution of the East Asian summer monsoon and the wholly stepwise, quick uplift of the Tibetan Plateau
In addition to periodic variation, the terrestrial factor score of fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146 clearly shows a trend of stepwise change (Figure 3(b) ); the terrestrial factor score tended to increase in the period from ~1.8 Ma to ~1.3 Ma and subsequently decreased stepwise at ~1.3 Ma, ~0.9 Ma, and ~0. 6 Ma. These characteristics indicate chemical erosion, and thus, the East Asian summer monsoon in the source region increasingly strengthened in the period from ~1.8 Ma to ~1. 3 Ma and weakened in a stepwise manner at ~1.3 Ma, ~0.9 Ma, and ~0. 6 Ma. This stepwise weakening agrees well with the tectonoclimatic cycles recorded by the magnetic susceptibility of Chinese loess (Figure 3(b),(c) ). The stepwise changes of the East Asian summer monsoon occurring in the periods of 1.81-1.3 Ma, 1.3-0.9 Ma, 0.9-0.6 Ma, and 0.6-0 Ma, exactly matched the tectonoclimatic cycles of TC 4 , TC 3 , TC 2 , and TC 1 [8] [9] [10] [11] . The results show that just as in the case of Chinese loess, the sediments drilled from the South China Sea are an archive recording the relationship between the evolution of the East Asian monsoon and the wholly stepwise, quick uplift of the Tibetan Plateau since the Quaternary.
Characterized by several events of intensive uplift, the Tibetan Plateau has entered a period of wholly stepwise and quick uplift since the Quaternary [5] [6] [7] [8] . Of these events, those occurring at 1.2-1.3 Ma, 0.8-0.9 Ma, and 0.5-0.6 Ma were especially intensive, making the Tibetan Plateau an obstacle that controlled the circulation of the East Asian monsoon [7] . The variation in the terrestrial factor score of the fine grain-sized carbonate-free sediments of ODP Site 1146 also shows the effect of the wholly stepwise, quick uplift of the Tibetan Plateau on the evolution of the East Asian monsoon.
In the period from 1.81 to 1.3 Ma, the Tibetan Plateau was in a transition epoch from the formation of the plateau plane to wholly uplift. During the epoch, the average height of the cumulated plateau plane did not increase but decreased from 2900 to 2400 m [10] as a result of parallel developments of the uplifts of the marginal mountains of the Tibetan Plateau and interior isostatic modulation. Corresponding to the decease in the height of the Tibetan Plateau, the East Asian summer monsoon would have likely strengthened, resulting in more-intense chemical erosion in the source region and thus an increase in fluvial-discharged matter to the South China Sea. This was characterized by a higher terrestrial factor score of the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146.
Since ~1.3 Ma, the tectonic movement of the Tibetan Plateau has qualitatively shifted from formation of the plateau plane and interior isostatic modulation to wholly stepwise, quick uplift [6, 10] . The plateau plane rose from 2400 to 2900 to 3600 m and from 1.3 to 0.9 to 0.6 Ma, respectively. The qualitative transition of tectonic movement of the Tibetan Plateau has resulted in an important modulation of the East Asian monsoon circulation from the prevailing of the summer monsoon to the enhancing of the winter monsoon [10] . As the Tibetan Plateau was at a height of 2900 m, most of its surface was in the range of the precipitation maximum, and the Tibetan Plateau was largely in a frozen circle, enhancing the plateau's function as a heat sink. This enhanced the East Asian winter monsoon and ultimately weakened the East Asian summer monsoon. The change in circulation of the East Asian monsoon and induced weakening of the East Asian summer monsoon decreased the intensity of chemical erosion, and thus, fluvial terrestrial matter discharged from land to the South China Sea. As a consequence, the terrestrial factor score of the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146 decreased. Since 0.6 Ma, during which time the Tibetan Plateau has risen from 3600 m to 4200 m to lie above the height range of maximum precipitation, the mutual restriction of the heat-sink function and heat-source function has predominated [11] and antagonism between the East Asian winter and summer monsoons has increased. Incidentally, the climate has become polarized, being extremely dry and cold in glacial periods and extremely wet and warm in interglacial periods [6] . In association with the climatic polarization, the response of chemical erosion in the source region to the glacial-interglacial cycles has become more obvious, which is shown by the greater fluctuation of the terrestrial factor score of the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146.
Conclusions
The major association of P, Ti, TFe 2 O 3 , MgO, K 2 O, CaO, and Al 2 O 3 in fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146 is a terrestrial factor. The variation in the terrestrial factor score reflects the change in the contribution of fluvial terrestrial matter to marine sediments and thus could imply a change in intensity of chemical erosion in the source region and the evolution of the East Asian summer monsoon. The terrestrial factor score decreased in a stepwise manner at ~1.3 Ma, ~0.9 Ma, ~0. 6 Ma, but has had dominant periodic fluctuations since ~0. 6 Ma. The correspondence between the stepwise changes in the terrestrial factor score and the tectonoclimatic cycles recorded by the magnetic susceptibility of Chinese loess indicates that the evolution of the East Asian summer monsoon, recorded by major-element association in the fine grain-sized carbonate-free sediments of the upper splice of ODP Site 1146, is closely related to wholly stepwise, quick uplifts of the Tibetan Plateau. However, since 0.6 Ma, the parallel trends of the terrestrial factor score and the oxygen isotope of benthic foraminifera illustrate that the evolution of the East Asian monsoon has been predominantly controlled by glacialinterglacial cycles. As in the case of Chinese loess, the longterm evolution of the East Asian monsoon recorded in sediments of the South China Sea reflects a coupled effect of the glacial-interglacial cycle and uplift of the Tibetan Plateau.
